The Royal Society of Medicine Failure to measure intracranial pressure (ICP) in the childhood encephalopathies has been likened to treating heart failure without measuring the blood pressure. Raised ICP adds considerably to the morbidity and mortality of cerebral disease, yet its routine measurement remains controversial. This paper reviews the causes, measurement and management of ICP and outlines the indications for monitoring.
Causes of increased intracranial pressure ICP rises if there is too much water inside the skull causing either hydrocephalus or cerebral oedema. The two principal sources of cerebral oedema I frequently coexist. Vasogenic oedema results from a breakdown of the blood-brain barrier as in haemorrhage, trauma, infection, contusion or the parainfectious phenomena. Water and electrolytes leave blood vessels and spread into the extracellular space. Local rises in autoregulatory arterial pressure facilitate this spread by bulk flow.Local pressure gradients of 7-8 mmHg over distances as small as 2 em arise. The process begins in grey matter which is more compliant.
Cytotoxic oedema follows damage to the integrity of nerve cell walls by an extraneous insult such as hypoxia, ischaemia, trauma, infection or poisoning. Thedamaged cell imbibes excessive water. Astrocytes seem to be particularly susceptible.
More rarely, hydrostatic oedema follows a rise in systemic arterial pressure as in hypertensive encephalopathy, whilst hypo-osmotic oedema may follow over-zealous fluid administration in a dehydrated patient.
Pathophysiology ofraised intracranial pressure Both local and general autoregulatory processes maintain ICP within fairly strict limits. Tissue perfusion is the critical issue and in the cranium the cerebral perfusion pressure approximates to the systemic arterial pressure minus the intracranial pressure. This needs to be maintained at a level of at least 50 mmHg in older children, but figures of 40 mmHg in toddlers" and 25 mmHg in neonates! are probably acceptable.
ICP varies with age. In a neonate it would normally be less than 2 mmflg", at 12 months 5 mmHg, 7 years 6-13 mmHg and in older children up to 15mmHg s. At any age, pressures of 20 mmHg or more are high, and 40 mmHg very high. Even when the cerebral perfusion pressure is maintained above 50 mmHg, pressures of over 20 mmHg are associated with increased mortality (see below). At this level, circulation in the most peripheral parts of the capillary tree is probably reduced as local autoregulation fails.
Pressure normally fluctuates throughout the day. It is greater when supine than erect, during transition into deep sleep and when performing a Valsalva manoeuvre as when coughing".
Cerebral elastance
The shape of the cerebral elastance curve dictates that as ICP rises above 15 mmHg (and at a correspondingly lower pressure for younger children), there will be a much greater pressure rise for the same volume change. Enlarged tight ventricles or waterlogged brain render the intracranial contents less compliant as compensatory mechanisms are used up. Autoregulation then fails and the pressure then rises very high, occluding the circulation or causing herniation (see below).
Neurosurgeons can learn about cerebral elastance in individual cases by instilling 1 ml of normal saline into an intraventricular catheter and measuring the pressure immediately before and after, before fluid is displaced. Poor compliance (l/elastance) may indicate the pressure of an enlarging space-occupying lesion, such as a subdural haematoma following head trauma. Plotting of the curve will not indicate how much compensatory reserve the patient has.
Autoregulation
With increasing cerebral oedema, cerebrospinal fluid (CSF), which normally occupies 10% of the intracranial volume, is displaced into the spinal compartment. CSF production is slowed and reabsorption enhanced. Capillary and venous capacitance may be similarly reduced.
Cerebral perfusion pressure is maintained by a rise in mean arterial pressure, achieved by an increase in peripheral vascular resistance and relative bradycardia increasing filling time and stroke volume. Resistance of the cerebral vasculature is very dependent on Pco 2 • Hyperventilation leads to a fall in cerebral blood flow but pressure is maintained by the arterial constriction. The ICP rise is thus compensated for by a fall in intracranial blood volume. These physiological mechanisms can be used to control rises in ICP (see below).
Ifbreathing is inefficient, the resulting hypoxia and hypercarbia both increase systemic arterial pressure, causing yet a further rise in ICP. Cerebral perfusion falls as ICP rises, if not matched by an adequate rise in systemic arterial pressure, resulting in the arrest of flow of nutrient and oxygen to the most peripheral cells. Hypotension may compound the effect, reducing cerebral blood flow and further reducing cerebral perfusion pressure. Raised ICP also leads to venous congestion, further increasing the exudation of fluid at the capillary level, and frank haemorrhage following vascular congestion is often a terminal event.
Local pressure necrosis may also result as the swollen brain is forced against the immovable bony skull or fibrous tentorium cerebri. Herniation of supratentorial structures may result, with brainstem distortion and constriction and, similarly, posterior fossa structures may herniate through the foramen magnum.
Brain shift, brainstem distortion, herniation or haemorrhage may well cause death at this stage. If the patient survives, the fall in cerebral blood flow will cause cerebral perfusion pressure to fall below a critical 40--50 mmHg and additional tissue damage will occur. A downward spiral ensues.
Access sites for pressure monitoring and general considerations Whatever the site of monitoring, an assumption is made that a steady pressure state exists within the cranium with no gradients. This may not be true, particularly early in the evolution of a disorder. Monitors rely on a good interface between either CSF and fluid within the monitor or between the dura (or skin over the fontanelle) and pressure gauges. The monitor must be zeroed at intervals to account for patient movement, alteration in atmospheric pressure or machine malfunction. The zero reference point is usually at the interventricular foramen, the surface mark being a point halfway along a line joining the nasion and occiput, with the head supine in a neutral position.
Measurement of ICP by lumbar puncture leads to the displacement of CSF, which may continue for hours through leakage from the punctured spinal theca. Herniation of intracranial contents is then possible. The risk is particularly high if the child is unconscious, has had a fit or shows focal neurological signs. Manometry carries its own inaccuracies and the standard curled-up position for lumbar puncture often causes a rise in pressure due to jugular venous compression, particularly in small children where restraint is necessary.
Some paediatricians favour pressure monitoring by strain gauge applied to the fontanelle", However, the method is very reliant on the application pressure of the fontanometer and pressure fluctuations are dampened by skin and meninges, particularly when ICP is high and the dura taut. Similar problems can arise with transducers placed in the extra(sub) dural space. Irregularity ofthe inner table can cause distortion of cannulae or the dura itself and lead to falsely high readings. In our hands the Ladd extradural fibreoptic device has carried the additional disadvantage of marked zero shift when direct sunlight falls on the lead.
The subarachnoid screw is a popular device easily inserted by a neurosurgeon at the bedside". The disadvantage is it may be placed too shallowly or too deep. If too shallow in the skull table, a poor CSF/ fluid interface is obtained. If too deep and impinging on the cerebral cortex, the signal will be dampened. It is therefore likely to under-read if pressure is very high and the intracranial contents expanded, though an infusion test has been developed to avoid this". Elastance (see below) cannot be measured with the subarachnoid screw.
Intracranial catheters are simple to insert through either an open fontanelle, or burr hole or hole made by trocar. Their placement allows not only the measurement of ICP but also of elastance and the Journal of the Royal Society of Medicine Volume 80 September 1987 567 facility to remove CSF as an adjunct to the control of pressure. Placement can be difficult when ventricles are small and in this situation pressure readings can be inaccurate. Cortical damage is a theoretical possibility and the risk of infection or intraventricular haemorrhage greater than in the other methods mentioned. Complications from the method of McWilliam and Stephenson? are rare, but if the method is followed it should probably be with the blessing of a neurosurgeon who could intervene if vessel trauma did lead to significant bleeding. The methods in most common usage are probably those of intraventricular catheter placement and the subarachnoid screw.
First line of management of raised ICP Following admission, neurological assessment will define the conscious level, the presence of focal signs and signs of raised ICP. If the Glasgow Coma Scale"? score is less than 7 it is highly likely that the intracranial pressure is raised. Failure to localize pain is the best indicator of raised ICP. Neonates would normally be able to do this and the paediatric modification to the scale has little extra to offer.
Ventilation
If the child fails to localize pain one should elect to intubate and hyperventilate. There is a linear and inverse relationship between ICP and Pcxi; between 20 and 60 mmHg1 1 , mediated through cerebral blood flow (see above). Below and above these levels there may be a paradoxical effect of an increase in ICP through cerebral vasodilatation. In the presence of cerebral oedema, local autoregulatory processes may be impaired and most would choose to keep the Pco; between 25 and 28 mmHg. This also avoids a local switch to anaerobic metabolism and lactate accumulation. The P0 2 should also be monitored, remembering that Po 2 ofless than 60 mmHg leads to an increase in cerebral blood flow (CBF) whereas an inspired oxygen concentration of 100% may reduce CBF by as much as 10%. Sedation is conveniently achieved by a morphine infusion which also lessens the likelihood of coughing which, like unnecessary suction, can lead to pressure peaks. The head should be kept in a neutral position to avoid jugular venous congestion and raising the head of the bed by 30°may reduce oedema formation.
Fluids
Fluids should be restricted to 50% of the calculated requirement for at least 24 hours. A full bladder causes restlessness and rises in ICP can be avoided by urinary catheterization which further allows measurement of output. Such fluid restriction, if coupled with autonomic dysfunction, may lead to hypotension and compromisation of cerebral perfusion pressure. Measurement of central venous pressure (CVP) will allow frank hypovolaemia to be corrected, but where CVP is normal or high a dopamine infusion will facilitate adequate cerebral perfusion pressure in the face of significant fluid restriction.
Most units adopt a similar pharmacological approach to the management of raised ICP. The effect of agents used is well documented in standard pharmacological works, but their relative benefit has only rarely been evaluated by means of controlled trials 12 • Good study design presents some problems as it is difficult to control for all variables such as severity of illness and the use of additional therapeutic agents. Further studies are required.
First-line drugs
Dexamethasone: Though probably of most benefit in focal space-occupying lesions, the administration of dexamethasone leads to fewer and shorter variations in ICP. It reduces the CSF production rate and is said to restore the blood-brain barrier. These effects show a clear linear dose-response relationship but an adequate starting dose would be 1.0 mg/kg/24 h. My own choice would be to avoid it in bacterial meningitis.
Phenobarbitone: Seizures should be controlled with phenobarbitone 5-8 mg/kg/day following a load of 15 mg/kg. The dose may then be escalated if required (see below). Status epilepticus may be controlled initially with diazepam (0.1.....Q.4 mg/kg) or phenytoin (18-25 mg/kg).
Subsequent management -pressure peaks Osmotic diuretics
Mannitol is to be preferred to the traditional urea of lower molecular weight. Its infusion over 15-20 minutes may raise plasma osmolality up to 330 mosmol and draw water back into the intravascular compartment followed by a diuresis. The delivery of 7 ml/kg of the 20% solution is sufficient. An alternative and effective strategy is to deliver regular 6-hourly boluses of 2 ml/kg as a prophylactic measure.
The disadvantage of these agents is that their molecules may leak out into the extracellular space if the blood-brain barrier is deficient. As the concentration builds up, more water is drawn into the oedematous area and there may be a rebound of pressure. Urea is particularly likely to do this. This phenomenon should make one cautious of their usage for long periods.
Diuretics
Frusemide is probably the most effective. It has an inhibitory effect on CSF production and reduces circulatory volume. Frank hypotension must be avoided in the already dehydrated child. The dose is 0.5 mg/kg.
Thiopentone
Thiopentone has a constrictive effect on the cerebral vasculature. Resistance rises and cerebral blood flow falls, as does the ICP. The cerebral metabolic rate may also be reduced, leading to an additional protective effect, though the practical as opposed to therapeutic value of this is disputed':', A dose of 1-4mg/kg is titrated against the clinical response.
CSF drainage
Cerebrospinal fluid is produced at about 0.33 ml/min in adults. Where there is obstruction to flow or reduced reabsorption, as in meningitis, CSF removal can lead to striking pressure reduction. There are two main approaches, both using intraventricular catheters: one is to introduce a side-arm by way of a three-way tap into the pressure-monitoring system and withdraw CSF whenever pressure is high; the other is to use the catheter as a straightforward drain, its 'opening' pressure to be governed either by a low-pressure valve or to have the point of drainage raised to the desired pressure (in cmH 2 0 ) above the head. CSF drains into a sterile bag. Both systems have the advantage of allowing the instillation of antibiotics into the ventricular system, and colonization ofthe cannula is not a problem.
Where measures have failed to control rising ICP, it is claimed by some that large doses ofphenobarbitone (25 mg/kg/day) combined with hypothermia (rectal temperature 32°C) reduce mortality!", Hypothermia is achieved by active cooling of the child by removing bedcovers and fanning the skin; the use of ice-packs facilitates the process. Some have found no benefit 13 • An attempt is made to maintain the ICP at normal levels for at least 36 hours before the slow withdrawal of the treatment measures outlined so far. Signs of raised pressure reappearing should lead to a longer period of treatment.
ICP monitoring -potential uses and risks ICP monitoring may contribute to management in the following circumstances. Measurement orICP should optimize management. Cerebral perfusion pressure will be maintained at an optimal level and measures to lower ICP minimalized. Knowledge of ICP will allow more accurate and earlier counselling of parents on cutcome!". Additionally, the measurement of elastance can lead to the early diagnosis of an unsuspected spaceoccupying lesion (see above). The question ofwhether measurement of ICP can improve outcome is considered below.
With well over 1000 cases reported in the literature, the risks of the procedure are known to he small. Surface or parenchymal bleeding may he caused if vessels are ruptured during cannula insertion. Resulting local atrophy may lead to porencephaly which might also be caused by seeding of epidermal cells into the cerebral mantle. Infection may supersede in 1-5% of cases. The risk is reduced if prophylactic antibiotics are used and the monitor withdrawn after five days. There are situations where monitoring can give misleading information and lead to overtreatment. Cerebral blood flow can be compromised in this way and vigilance must be maintained for monitor malfunction.
ICP monitoring and improvement of outcome
There has been no good systematic evaluation of whether measuring ICP can improve outcome-! -23. Published studies on head trauma and post-asphyxial encephalopathies have been inconclusive. Allocation to monitored and control groups has not been randomized and the reports probably contain selection bias.
A significant reduction in mortality was achieved in San Dieg0 2 0 by monitoring ICP in cases of head trauma where the Glasgow Coma Scale was less than 6. When these results are compared to those of the Brisbane unit2 3 , who do not measure pressure but nevertheless use treatment, there are no significant differences although a greater proportion of cases in San Diego (54%) showed good recovery/moderate disability than in Brisbane (49%).
It is clear that the early identification and evacuation of a haematoma remains the critical issue in survival, and that there is a strong association between level of ICP and prognosis. Pressures of 25 mmHg dictate a very poor outcoma'", whilst early aggressive treatment of pressures over 16 mmHg can significantly improve outcome.
It is still not known whether morbidity through asphyxia in near-drowning can be ameliorated by aggressive management including the monitoring of ICP and induced hypothermia. Certainly some units are now less aggressive and do not favour hypothermia. A recent review of the management of neardrowning favoured evaluation through multicentre controlled trials 24 • Nussbaum and Galant!", in their study of 21 children asphyxiated through neardrowning, showed that pressures of20 mmHg or more were associated with a universally poor outcome, particularly if cerebral perfusion pressure fell below 50 mmHg. However, the best discriminant ofoutcome was the length of the initial hypoxic insult. Ten children who died had a significantly longer mean immersion time (19.2±4.0 min) than either those 6 who recovered (7.5 ±0.9 min) or the 5 with residual brain damage (7.0 ±1.0 min). The study by Goitein et al. 14 of outcome in birth asphyxia also suggested that it was the magnitude of the initial insult that determined outcome rather than subsequent success in controlling ICP.
There are, however, acute encephalopathies of childhood which appear to be self-limiting, and morbidity and mortality may be significantly reduced by monitoring and treating raised ICP. Shaywitz and colleagues" found that the mortality in Reye's syndrome reduced from 60% to 12% following the introduction of ICP monitoring, despite serum ammonia concentrations of greater than 500 mg/loo ml. Similar results were reported by Trauner et al. 26 in San Diego and Glasgow in Belfast-". In all three units, earlier referral and diagnosis ofcases must have played some part. Whilst these were not controlled trials, the use of ICP monitoring represented the biggest change in management policy to be associated with the improved survival. Similar good results were obtained in 2 of 3 children aged 9-14 years with hypertensive sncephalopathy'", When ICP was successfully controlled, survival was good.
Conclusions
There are methods available for ICP monitoring which are reliable, valid and safe. Measurement by intraventricular catheter or subarachnoid screw is probably best, and allows appropriate treatment of raised ICP and the prediction of outcome.
In the acute encephalopathies ofchildhood there is evidence that ICP monitoring improves outcome, and transfer to a centre for this purpose must be strongly recommended. Selected cases ofmeningoencephalitis and status epilepticus should be included in this Journal of the Royal Society of Medicine Volume80 September 1987 569 category. The results of ICP monitoring in the acute encephalopathies are so good that a controlled evaluation seems unjustified and would present a difficult ethical issue. In cases of head injury and asphyxia the issue is less clear-cut. Outcome is most strongly associated with the magnitude of the initial insult and there is little to suggest it can be improved through ICP monitoring. However, no controlled evaluation has been made. This is desirable but would have to be on a multicentre basis. Meanwhile, the advocates and antagonists will remain polarized in their respective camps. Until the issue is clarified, the transfer of a very sick child with either head injury or asphyxia to a centre purely for ICP monitoring cannot be advocated.
Further controlled trials will establish the best method oftreatment. Certainly, in the light ofcurrent knowledge, early vigorous treatment of pressure rises is recommended. ICP is so likely to be raised in the patient who is failing to localize pain that this should be regarded as the criterion for its measurement.
